A chemically and thermally stable MOF with composition Zr 6 O 4 (OH) 4 (tdc) 4 (CH 3 COO) 4 (tdc, 2,5-thiophenedicarboxylate), also known as , was synthesised at the multigram scale using 
Introduction
The climate agreement, signed in Paris in 2015 by 185 countries, aimed to pursue efforts to limit the temperature increase to 1.5 C above pre-industrial levels. 1 Achieving this target is only possible if the use of fossil fuels and natural gas as energy sources in industry, transportation and household will be signicantly reduced. Therefore, a major challenge facing human society is the development of renewable energy sources as well as development of environmentally friendly energy carriers. One of the many approaches to save or transform heat in a sustainable way is development of adsorption heat pumps and chillers, which allow reversibly storing thermal energy in porous materials. 2, 3 Currently such devices are available on the market as stationary systems for heating and cooling, and also as energy-saving household appliances. Usually wellestablished porous materials like zeolites, porous silica and activated carbons are used as adsorbents and water is most oen used as a working uid. However, the main drawback of these materials is a low working capacity, caused by low porosity and polarity of the inner surface, which is extremely hydrophilic in the case of zeolites or hydrophobic in the case of active carbons. Therefore, material scientists are actively searching for alternative materials with desired adsorption properties.
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Various working uids are considered ranging from ammonia, hydrocarbons, uorinated hydrocarbons, alcohols to water. 8, 9 Their coefficient of performance is strongly dependent on their critical temperature and density. The desired material should feature high adsorption capacity with adsorption steps at desired relative pressure, which is hard to achieve with established classical porous materials.
Metal-organic frameworks (MOFs) belong to an advanced class of crystalline porous materials, constructed from metal clusters and organic ligands by a modular principle, 10 which unies a high surface area and pore volume, 11 various functionalisation possibilities 12 and a strictly dened pore system.
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These properties predesignate their application potential in gas storage, 14, 15 capture, 16 separation 17 and heterogeneous catalysis. 18 Due to the ne tunability of the pore system and polarity of the inner surface, MOFs were recently recognised as potential working materials for adsorption-driven heat pumps. 19 In the case of water as a working uid, Kapteijn and co-authors dened a set of criteria for materials to be used for such applications: (a) S-shape of the water adsorption isotherm at 298 K; (b) high pore volume is desirable for improved performance; (c) adsorption steps should be located in the pressure range 0.1 < p/p 0 < 0.4, which not only increases the temperature li, but also decreases the desorption temperature; (d) hysteresis between adsorption and desorption branches should be avoided if possible; and (e) the material should show a stable adsorption/desorption performance over thousands of cycles. The latter was nicely reviewed by Walton and co-workers, where authors classied existing MOFs in terms of water stability and proposed a dened procedure for characterising the water stability of MOFs.
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Farrusseng and co-workers summarized the water adsorption properties of more than 60 MOFs considering the aspects of pore lling and application potential. 21 Currently, several waterstable MOF materials are considered the most promising for this type of application. Henninger and co-workers extensively studied the water adsorption behaviour of CAU-10-H 22 (CAU stands for Christian-Albrechts-Universität zu Kiel), aluminium fumarate 6 and MIL-100(Al) 23 (MIL stands for Materials of Institute Lavoisier) for heat exchanger applications. Furthermore, authors developed a full-scale heat exchanger, coated with an aluminium fumarate framework.
6
Yaghi and co-workers proposed the use of MOF-841 with a dened and steep step in the water adsorption isotherm at p/p 0 ¼ 0.25 as a working material for adsorption heat storage. 24 Serre and co-workers recently designed a CAU-10-H analogue with 2,5-furandicarboxylic acid, denoted as MIL-160, which shows steep adsorption of water at p/p 0 < 0.2 and can be easily regenerated at temperatures lower than 373 K, thus outperforming the commercial SAPO-34 material. 25 However, the recently reported AlPO 4 -LTA material slightly outperforms MIL-160 in terms of heat storage capacity. 26 Recently even mesoporous MOFs with exceptionally high working capacities were reported.
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However, uorinated hydrocarbons with extremely high greenhouse effect are used as working uids in both cases. More recently, Yaghi and co-workers highlighted the promising performance of MOFs in water harvesting devices.
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However, synthesis of most of these materials requires large amounts of volatile organic solvents or valuable or even not commercially available organic ligands. This makes them either too expensive or environmentally unfriendly, and therefore prevents their use in commercial applications. 31 Fortunately, Reinsch and co-authors recently reported the "green" waterbased and scalable synthesis of a number of water-stable Zrbased materials based on commercially available ligand molecules. [32] [33] [34] One of these materials, DUT-67(Zr) (DUT stands for Dresden University of Technology), was initially developed by our group, 35 and shows excellent water stability, a hierarchical pore system and, as a consequence, a multistep water adsorption isotherm with two of three steps within the desired pressure range 0.1 < p/p 0 < 0.4. With a total pore volume of 0.47 cm 3 g À1 , derived from the water adsorption isotherm, DUT-67(Zr) is ranked amongst the best performing MOF materials in this branch, fullling all criteria dened in the review article by Kapteijn and co-workers. 19 This prompted us to investigate the water adsorption mechanism and the thermal and chemical stability of the material, as well as the cycle stability under similar conditions to the real application.
Here, we synthesise DUT-67(Zr) in the multigram scale using the recently developed "green" synthesis, and then extensively test it to conrm its chemical and thermal stability. In parallel to this study, Janiak and co-workers reported a promising material for heat transformations namely MIL-53(Al)-TDC, 36 which is a structural analogue of a well-known MIL-53(Al), but synthesized using the H 2 tdc ligand. 37 This material shows surface area and pore volume very similar to those of DUT-67(Zr) and despite of completely different pore system shows water adsorption isotherm, which is very similar to those of DUT-67(Zr). However, investigations of the water adsorption mechanism were not reported in this case, and the synthesis procedure requires toxic DMF, and is therefore less environmentally friendly.
Insights into the water adsorption mechanism from neutron powder diffraction of pre-loaded samples will be presented. Enhanced chemical stability of DUT-67(Zr) in water and mineral acid was conrmed in a series of stability tests. Cycle stability of the material over 20 adsorption/desorption cycles is proven using optical infrared calorimetry.
Results and discussion
Since the report of chemically stable UiO-66 in 2008, Zr-based MOFs have revolutionised MOF chemistry, demonstrating the diversity of frameworks with various connectivity and topological types. For the rst time, these materials combined ultra-high porosity with chemical and thermal stability, which could not be achieved in any other porous material. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] Recently, a novel Zrbased MOF with composition Zr 6 O 6 (OH) 2 (tdc) 4 (DMF) 6 (CH 3 COO) 2 (determined from DMF-based synthesis), further denoted as DUT-67(Zr), was synthesised by our group. 35 The chemically stable framework is constructed from commercially available reagents and, following development of the "green" synthesis route by Reinsch and co-workers, 32 the material has a high chance for future commercialisation.
DUT-67(Zr) crystallises in the cubic space group Fm 3m and consists of Zr 6 O 8 in organic bricks, which are interconnected by eight equally oriented tdc linkers forming a uninodal framework with reo underlying topology (Fig. 3) . The remaining four positions of the Zr SBU are usually occupied by terminal ligands, namely solvent molecules and modulators, which can be exchanged post-synthetically by other molecules to adjust the polarity of the inner surface. In the case of the recently developed "green" synthesis, TG data suggest that the composition of the product is Zr 6 O 4 (OH) 4 (tdc) 4 (CH 3 COO) 4 (see ESI, Fig. S2 †) , involving cluster protonation, similar to that observed in UiO-type frameworks but with lower connectivity. The combination of the reo topology and bent tdc linker results in the formation of three different pores: one octahedral and two cuboctahedral (Fig. 1d) . The smallest octahedral pore is centred at the 8c Wyckoff position, which possesses 43m symmetry. Centres of cuboctahedral pores surface are located at 4a and 4b
Wyckoff positions, both having m 3m symmetry. In the crystal structure, these pores are in the ratio of 2 : 1 : 1. From a structural point of view, the polarity of the pores should be different because all m 3 -O atoms and terminal ligands face on to the pores centred at 8c and 4a Wyckoff positions.
Upscaling of the "green" synthesis and textural properties of DUT-67(Zr)
The recently published "green" synthesis procedure of DUT-67(Zr) was successfully upscaled by a factor of 40 and shows an excellent yield of 82% of activated MOF. The material was degassed at 368 K under dynamic vacuum, and shows high crystallinity and phase purity in the powder X-ray diffraction (PXRD) pattern (Fig. 1a) . SEM images show crystallite sizes in the range of 500-1000 nm, which is suitable for shaping using a binder (Fig. S14 , ESI †). The TG data of the activated material suggest the composition Zr 6 O 4 (OH) 4 (tdc) 4 (CH 3 COO) 4 , which is slightly different from the DMF-based synthesis and contains no coordinated solvent molecules on the cluster. The pore accessibility was tested by a nitrogen physisorption experiment, showing a typical type Ia isotherm with a saturation uptake of 335 cm 3 g À1 at p/p 0 ¼ 0.97 (Fig. 1b) . It corresponds to a pore volume (V p ) of 0.52 cm 3 g À1 , which was not reached if DMF was used as the solvent in the synthesis. As the theoretically calculated pore volume is only slightly higher (V p ¼ 0.67 cm 3 g À1 ), the achieved capacity can be considered as a realistic value, which approaches the theoretically calculated value for the structure with acetate anions on the cluster. As reported previously,
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DUT-67(Zr) synthesised from DMF shows an S-shaped water adsorption isotherm with three separate steps, reecting the lling of the three different pores of the MOF. In order to prove this nding for the MOF, synthesized using a "green" synthesis procedure, a series of vapour physisorption experiments were performed on DUT-67(Zr) at 298 K using solvents with various kinetic diameters and polarity.
Solvent vapour adsorption on DUT-67(Zr)
In the case of water vapour adsorption, we were able to reproduce the S-shaped isotherm involving three steps and steep adsorption branch in the range p/p 0 ¼ 0.2-0.4 reported previously. As expected, deuterated water adsorption follows the water isotherm, reproducing three well-resolved steps. Both isotherms show the same water uptake of 510 cm 3 g À1 at p/p 0 ¼ 0.43, which corresponds to the pore volume of 0.41 cm 3 g À1 . The hydrophilicity of each pore was evaluated using the a coefficient or p/p 0 at which half of the total pore capacity is reached. 21 For the smallest octahedral pore we obtained a value of a ¼ 0.09, while both cuboctahedral pores ll later at a ¼ 0.30 and 0.39.
Beside water, further solvent vapours with various polarity and kinetic diameters, namely methanol, ethanol, 2-propanol, acetone, dichloromethane, toluene and n-hexane, were adsorbed on DUT-67(Zr) because some of them can also be used as working uids in adsorption-based heat exchangers. In the case of alcohol vapours, the step in the adsorption isotherm is gradually shied to a lower relative pressure with increasing length of the alkyl chain. In the case of methanol, one can still dene two distinct steps in the range p/p 0 ¼ 0.001-0.2. For ethanol and 2-propanol, type I isotherms with uniform pore lling at low relative pressures are observed. All other measured solvent vapours behave in the same manner, reaching the saturation uptake at p/p 0 ¼ 0.1. Nevertheless, in terms of hydrophilicity, a general trend could be derived: the isotherms of hydrophobic adsorptives reach saturation at a lower relative pressure, pointing to the hydrophobic interior of DUT-67 pores. In terms of the pore lling, all adsorptives perform nearly equally, reaching pore volumes of 0.43-0.49 cm 3 g À1 at p/p 0 ¼ 0.9 except for acetone, which outperformed all others, reaching a pore volume comparable to the value deduced from nitrogen physisorption.
Analysis of the vapour adsorption data shows that only water and, to some extent, methanol meet the criteria for application in adsorption heat transformation. In terms of gravimetric water uptake, DUT-67(Zr) adsorbs 0.44 g g À1 water at p/p 0 ¼ 0.6 and ranks amongst the best MOFs, surpassed only by Co 2 Cl 2 (BTDD), MOF-74(Mg) and MOF-74(Ni) frameworks. 29 In the same relative pressure range, only deuterated water and DCM show higher gravimetric capacities of 0.48 and 0.56 g g À1 (Fig. S13 , ESI †).
Characterisation of the D 2 O-loaded samples
To gain a better understanding of the structure-property relationships and the water adsorption mechanism, preferred adsorption sites were investigated by neutron powder diffraction (NPD). NPD is an ideal tool for such studies due to large coherent scattering lengths for both deuterium ( 2 H) and oxygen ( 16 O), allowing precise determination of the position of adsorbed water molecules in the pores. However, direct in situ NPD studies during deuterated water vapour adsorption are difficult because of slow adsorption kinetic and large amount of sample needed. Therefore, controlled amounts of deuterated water were preadsorbed on DUT-67(Zr) samples ex situ prior to the diffraction experiments. Adsorption was performed using a volumetric adsorption instrument by manual dosing of D 2 O vapour until the desired pressure and full equilibration were reached. The loaded amount was estimated from the D 2 O adsorption isotherm, measured under the same conditions.
The adsorbed amount was also proved gravimetrically by weighing the cell before and aer loading with D 2 O, as well as by TG analysis. The TG curves show an expected loss of mass at approximately 373 K, corresponding to the removal of D 2 O from the pores of DUT-67(Zr) (see ESI, Fig. S2 †) .
Analysis of the DRIFT spectra of the desolvated and D 2 Oloaded samples shows the same absorption bands in the ngerprint area, but signicant differences in the large wavenumber region (3000-3500 cm À1 ) corresponding to the stretching vibrations of O-D bonds. As expected, stronger absorbance is observed for samples with higher D 2 O loadings (see ESI, Fig. S3 †) . According to the analytical data, the following loadings were achieved: Sample 1 was loaded with 34 D 2 O molecules per unit cell, corresponding to an equilibrium pressure of 64 Pa. This pressure should facilitate determination of the most attractive adsorption sites in the framework (Fig. 2) . Loading of sample 2 corresponds to the second adsorption step with 375 molecules adsorbed per unit cell, corresponding to 855 Pa of equilibrium pressure. Sample 3 was loaded with 735 D 2 O molecules per unit cell, positioned within the third adsorption step of the isotherm with an equilibrium pressure of 1068 Pa.
Water adsorption mechanism of DUT-67(Zr) by neutron powder diffraction
Neutron powder diffraction patterns for all samples were measured at 180 K, showing signicant differences in the reection intensities especially for samples with higher loadings (Fig. 2) . The NPD patterns were further subjected to Rietveld analysis (see ESI, Fig. S9 -S12, Table S1 †) to localise the preferable adsorption sites for D 2 O in the framework. The initial model for the desolvated framework was built using the composition Zr 6 O 4 (OH) 4 (tdc) 4 (CH 3 COO) 4 , suggested by the TG data. The obtained framework structure was then used to rene the D 2 O-loaded structures.
The NPD patterns collected on desolvated and D 2 O-loaded DUT-67(Zr) samples show no changes in crystal symmetry. Rietveld analysis of the NPD pattern of sample 1 suggests two preferable adsorption sites for D 2 O (Fig. 3a, ESI animation 1 †) . The rst D 2 O molecule with a site occupancy of 0.39 is located close to the m 3 -O atom of the Zr-cluster, and the second is In sample 2, ve independent positions were localised for adsorbed D 2 O molecules within the pores of DUT-67(Zr) (Fig. 3b, ESI animation 2 †) . In this case, two positions with occupancies of 0.62 and 0.25 are located within two symmetrically independent triangular windows of the octahedral pore. Similar to sample 1, D 2 O molecules with an occupancy of 0.55 were localised close to the m 3 -O atom of the Zr-cluster. The next position with an occupancy of 0.3, which was not present in sample 1, is located within the octahedral pore (Fig. 3b) . The last position with an occupancy of 0.37 was found within the cuboctahedral pore (centred at Wyckoff 4a) close to the Zrcluster, which is in good agreement with the second isotherm step in the isotherm (Fig. 2) . In contrast to sample 1, the overall D 2 O occupancy of 401 molecules per unit cell, rened from the neutron data, ts with the loading, derived from the D 2 O isotherm, and is equal to 380 molecules per unit cell.
The loading for sample 3 corresponds to the second step of the isotherm with 735 D 2 O molecules per unit cell. Renement of the NPD patterns suggests nine independent adsorption sites in the crystal structure. The overall occupancy, recalculated to the unit cell, amounts to 743 molecules, which exactly matches the introduced amount of water. As expected from the adsorption isotherm, the adsorption sites are mainly located within the octahedral and cuboctahedral pores, correspondingly centred at 8c and 4a Wyckoff positions. Three positions of D 2 O could be found within the largest cuboctahedral pore (centred at Wyckoff position 4b), which corresponds to the third step in the isotherm (Fig. 3c, ESI animation 3 †) .
In order to visualise and quantify the distribution of the water molecules in the pores for loadings 1-3, the resulting crystal structures were subjected to computational analysis, using a spherical model, in which the radial distributions of atoms were calculated for each pore and corresponding D 2 O loading (Fig. 4) . Differences between the corresponding distributions give differences in the atomic distribution for bare and water-loaded structures. Indeed, for loading 1, there is only a slight difference between the octahedral pore A and small cuboctahedral pore B, which corresponds to preferred adsorption sites within the triangular windows and near Zr-clusters. Loading 2 is characterised by differences in all three distributions, conrming adsorption of water within the octahedral pore and on the surface of cuboctahedral pores centred at 4a and 4b, respectively. In the case of loading 3, the difference between the graphs of bare and loaded frameworks indicates the lling of the cuboctahedral pore 4a, while in pore 4b water molecules are still 7Å away from the pore centre, indicating additional spare capacity.
Cycling and thermodynamic stability and adsorption kinetics of H 2 O@DUT-67(Zr) by optical calorimetry Thermal and chemical stabilities are both crucial criteria for materials to be applied in adsorption heat pumps. For this purpose Janiak and co-workers used TGA/DSC coupled with a humidity generator, thus working on a similar principle. 51 We prove the cycle performance of "water-born" DUT-67(Zr) by optical calorimetry or so-called InfraSORP technology. 52, 53 Here, the adsorption heat released is optically recorded by the resulting temperature change. There is a temperature increase by water adsorption and a decrease by desorption with pure nitrogen. During the 20 adsorption/desorption cycles, we did not observe changes in the temperature prole (see Fig. 6a , ESI S6 †). Analysis of the integrated peak areas, and hence the water uptake, 39 shows only minor uctuations in the range of 4450 AE 150 (Fig. 6b) , which is within the uncertainty range of the technique. 52, 54 As previously reported, the peak area is directly correlated with the adsorption capacity and integral enthalpy. During adsorption, a temperature maximum was observed at 313 AE 1 K, and desorption showed endothermal cooling of the sample to 292 AE 1 K. More in-depth analysis of the prole for both adsorption and desorption peaks indicates two distinct steps corresponding to pore lling of the octahedral and two cuboctahedral pores. As the last two steps are located in a quite narrow pressure range of the isotherm (855-1068 Pa), they cannot be distinguished in the temperature prole. While the rst step of the temperature prole corresponds to the lling of octahedral pores, the shoulder of the temperature signal is caused by further heat release by lling of both cuboctahedral pores. Detailed adsorption enthalpy studies are discussed in the following paragraph. In addition, analysis of the temperature prole allowed us to estimate the kinetics of water adsorption, which is rarely explored.
55 Analysis of adsorption peaks shows that under the current experimental conditions, the temperature curve reaches a base temperature aer 1400 s, while complete desorption of water from the pores occurs aer 2100 s of purging with dry nitrogen gas (Fig. 6a) .
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Multiple exposure of the adsorbent to a working uid during the lifetime of the device requires an enhanced chemical stability of the material. In previous studies, DUT-67(Zr), synthesized in DMF, was claimed as a MOF with reduced chemical stability against water and acids, 24 and therefore, we performed a comprehensive stability study on the MOF, synthesized using a "green" synthesis procedure, under normal working conditions, but also under harsh conditions, which are rather not typical for adsorption heat pumps. In these experiments we used sample 3, which was stored under ambient conditions for 2 years. Aer activation we obtained the type Ia isotherm with an uptake of 304 cm 3 (STP) g À1 at p/p 0 ¼ 0.9, which is 91% of the initial capacity (Fig. 5a) . Stirring the MOF in liquid water at room temperature for 7 days does not inuence the capacity at all, while boiling of the material in water for 24 h leads to negligible degradation, which is reected in the slightly decreasing micropore volume and appearance of the narrow hysteresis in the range p/p 0 ¼ 0. , showing that one-third of the capacity is lost. PXRD patterns measured on all samples conrm these observations, except the sample exposed to NaOH, where a signicant decrease of peak intensities and increase of amorphous background is observed (Fig. 5b) . The thermal stability of the DUT-67(Zr) was determined by a temperature-dependent PXRD study for which the desolvated MOF and sample 3 were used. PXRD patterns measured in the range of 298-723 K show the stability of both samples at least up to 473 K (ESI, Fig. S4 and S5 †).
As the material undergoes signicant temperature uctua-tions during the performance of the adsorption heat pump, water physisorption experiments were carried out at 318 K to prove the hydrothermal stability of the material in a working environment. The isotherm showed no signicant changes compared to the isotherm, measured at 298 K, in neither adsorption capacity nor relative pressure steps (see ESI, Fig. S7 †) . The adsorption enthalpy, derived from these isotherms using the Clausius-Clapeyron equation, was calculated as 58 kJ mol À1 at very low loadings, with a further drop to 38 kJ mol À1 at 100 cm 3 g À1 (ESI, Fig. S8 †) . Filling of both cuboctahedral pores leads to an increase in enthalpy to 45-47 kJ mol À1 up to when saturation is reached at nearly 500 cm 3 g À1 . This value is comparable to those of the best performing
MOFs from the CAU-10 family.
29
Since nitrogen gas with 80% relative humidity was used for the adsorption/desorption cycling study, the capacity of w ads ¼ 0.462 g g À1 was extracted from the adsorption isotherm at p/p 0 ¼ 0.8. The peak area in the temperature prole is proportional to adsorption capacity, the working capacity can be derived as follows:
where A des and A ads are peak areas of adsorption and desorption cycles. Subsequently we calculate an average working capacity over 20 cycles as 0.455 g g À1 and working capacity in the rst cycle as 0.440 g g
À1
, which indicates nearly complete desorption of water from the MOF in a nitrogen ow at 298 K. If conditions of 80% r.h. for adsorption and 20% r.h. for desorption are considered, the working capacity, calculated from the isotherm, amounts to 0.375 g g
. The maximal theoretical efficiency or coefficient of performance (COP) is described by the equation:
If complete desorption of water from the pores is assumed, the COP max (DUT-67) ¼ 78%, which is among the highest reported values in the literature.
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Experimental Materials All chemicals were purchased from commercial sources and used without further purication. Zirconyl chloride octahydrate ZrOCl 2 $8H 2 O (99.99% trace metal basis) and 2,5-thiophenedicarboxylic acid (H 2 tdc) (99%) were purchased from Sigma Aldrich. Glacial acetic acid (100% extra pure) for the synthesis was purchased from Carl Roth GmbH. Deuterated water (99.9 at% deuteration degree) for the neutron powder diffraction experiments was purchased from Sigma Aldrich.
MOF synthesis
For the synthesis of the MOF material, the green synthesis procedure, reported by Reinsch et al. was up-scaled by a factor of 40. A mixture of ZrOCl 2 $8H 2 O (51.6 g, 160.15 mmol) and H 2 tdc (18.4 g, 106.98 mmol) was dissolved in a mixture of 400 mL deionized water and 400 mL glacial acetic acid while heating and mixing. The mixture was stirred at 368 K under reux for 1 h. The resulting precipitate was centrifuged, ltered, and washed two times with 0.1 M sodium acetate solution and water. The material was then activated under dynamic vacuum at 368 K. The yield was 31.2 g (82.2%) based on H 2 tdc.
Chemical stability tests
For stability tests, sample 3 loaded with deuterated water two years before the test and stored under ambient conditions was used. Aer thermal activation, 20 adsorption/desorption cycles on Infrasorp, the sample was exposed to the following conditions: (1) stirring for 7 days at room temperature; (2) stirring for 24 hours in boiling water; (3) stirring for 24 hours in 0.1 M HCl (pH ¼ 1); (4) stirring for 24 hours in 0.1 M NaOH (pH ¼ 13). Further, the MOF powder was washed with an excess amount of water, ltered and dried in an oven at 100 C. Subsequently, the powder was degassed in dynamic vacuum at 120 C for 12
hours. Physisorption experiments were performed on a Quadrasorb (Quantachrome) volumetric instrument using 80-100 mg of the activated powder for each measurement.
Physical measurements
Powder X-ray diffraction (PXRD) patterns were collected in transmission geometry on a STOE STADI P diffractometer operated at 40 kV and 40 mA with monochromatic Cu Ka1 (l ¼ 0.15405 nm) radiation at room temperature (RT), equipped with a 0D gas lled detector. The samples were prepared in boronsilicon glass capillaries 0.3 mm in diameter. All measurements were performed in the 2q range from 2 to 90 , with an exposure time of 30 s per step and step width of 0.02 .
Temperature dependent PXRD patterns in the range of 298-748 K with 30 K steps were measured on the same instrument, which was equipped with a high-temperature oven and capillary setup in transmission geometry in the 2q range of 2-70 with 30 s exposition time per step. Nitrogen physisorption experiments were carried out in a pressure range of 10 À4 -1 bar at 77 K using a BELSORP-max instrument (Microtrac BEL, Japan). Water vapour adsorption experiments were performed at 298 and 318 K on the same sample using the Hydrosorb instrument (Quantachrome). FT-IR spectra were measured on a Bruker VERTEX 70 using the DRIFT technique in the range of 4000-400 cm À1 . Thermogravimetric analysis was performed under synthetic air ow in a temperature range of 298-1273 K with a heating rate of 5 K min À1 using STA 409 PC (NETZSCH). SEM images were taken with secondary electrons in a HITACHI SU8020 microscope using 1.0 kV acceleration voltage and 10.8 mm working distance.
Pre-loading of the samples for NPD experiments
Samples for the neutron powder diffraction experiments were pre-loaded with the deuterated water at 298 K on the BELSORPmax instrument. The needle valve and span adjustment procedures were rst performed to calibrate needle valves and pressure transducers of the instrument. 7 g of the activated sample was divided over three measurement cells and additionally degassed on the instrument ports for 12 h at room temperature under ultra-high vacuum. The reservoir with the liquid adsorptive was lled with D 2 O and the corresponding degassing procedure for the liquid adsorptive was performed. The manifold of the instrument was then exposed to an ultra-high vacuum for another 2 h. Then, the D 2 O vapour was dosed using a ne needle valve to all three cells at the same time. Aer reaching the targeted pressure, the valve to the cell with the adsorptive was closed and the pressure in all three cells (connected to each other) was monitored until the adsorption equilibrium was reached. Aer the last dose, the cells were additionally equilibrated for 12 h. All cells were lled with dry nitrogen and weighed. In such a way, the correct loading could be extracted from the water adsorption isotherm and measured gravimetrically by weighing the adsorption cell before and aer the loading procedure. In such a way, three samples with an equilibrium pressure of 64 Pa (sample 1), 855 Pa (sample 2) and 1068 Pa (sample 3) were prepared. The D 2 O loadings estimated from the isotherm and obtained gravimetrically were in good agreement.
Neutron powder diffraction experiments
Four samples were prepared for the neutron diffraction experiments: (1) DUT-67(Zr) activated; (2) DUT-67(Zr) loading 1; (3) DUT-67(Zr) loading 2; and (4) DUT-67(Zr) loading 3. The samples for NPD experiments were placed into vanadium sample cans with 15.5 mm inner diameter and 40 mm lling height. The sample cans were sealed with indium in an argon atmosphere. The high-resolution NPD measurements were performed at the Heinz Meier-Leibnitz (FRM II) research reactor on the high-resolution powder diffractometer SPODI (Structure Powder Diffractometer). The monochromatic neutron ux with l ¼ 2.536Å was used for all experiments. The measurement temperature of 180 K (water is frozen in the micropores of the MOF) was ensured by the closed cycle helium cryostat. NPD patterns were measured in the 2q range of 1-152 .
Rietveld renement of DUT-67(Zr) structures from NPD data
Rietveld renement of desolvated and pre-loaded DUT-67(Zr) structures against NPD data was performed using the reex module of Materials Studio 5.0 soware. The NPD prole was tted using the Thompson-Cox-Hastings function. The asymmetry of the peaks was modelled using the Berar-Baldinozzi function. The background was rened as a polynomial function with 12 components (see ESI, † Table 1 ). The source model for the desolvated DUT-67(Zr) structure was constructed using single crystal X-ray diffraction data, published elsewhere. 35 Four acetate anions were introduced into the structure by coordination in a bidentate manner to the eight oxygen atoms, located in the equatorial plane of the Zr 6 O 8 cluster. Further, eight 8 hydrogen atoms, each with an occupancy of 0.5, were introduced to the m 3 -O-atoms of Zr 6 O 8 bricks. The geometry of the obtained model was then optimised using the UFF force eld, incorporated in Material Studio 5.0. The motion groups were dened as follows: two independent Zr-atoms of Zr 6 O 8 SBU, two m 3 -O atoms, two acetate carboxylates, two acetate methyl groups, one carboxylate of the tdc 2À linker and one thiophene of the tdc 2À linker. These motion groups were used for a rigid body
Rietveld renement with energy (UFF, energy contribution 1%). The nal experimental data for the renement are given in Table S1 (ESI †). In the case of D 2 O-loaded structures, the rened desolvated structure was used as the initial model and was not rened further. An amount of D 2 O calculated from the isotherm was added randomly into the pores of the framework. The positions of the D 2 O molecules (as rigid body groups) and their occupancies were rened freely using Rietveld renement. The nal experimental data are given in Table S1 (ESI †). CCDC 1891266-1891269 contains the structural data on desolvated and D 2 O-loaded samples. †
Multiple adsorption/desorption cyclisation of water
Before the experiment, a desolvated sample of DUT-67(Zr) was degassed in dynamic vacuum at 393 K for 12 h. The cyclisation measurement was performed using a version of the optical calorimeter InfraSORP, adapted for water vapour adsorption measurements. The measurement was performed at 298 K using 140 cm 3 min À1 ow. The nitrogen gas with a relative humidity of 80% was used during adsorption and dry nitrogen gas was used for desorption. Adsorption and desorption were recorded until complete equilibrium adjustment under these conditions. The adsorption time was 1800 s, while desorption was performed for 5000 s. The adsorption and desorption kinetics were extracted from the temperature prole and correspondingly amounted to 1500 and 2500 s.
Conclusions
Upscaling of environmentally friendly "green" synthesis of DUT-67(Zr) to a multigram scale makes this a promising material for adsorptive heat transformation processes. The comprehensive characterisation of the synthesised batch shows outstanding chemical and thermal stabilities, which are required for working materials in adsorptive heat pumps. The test to determine the best working uid identied water as the most promising for the desired application because of the Sshaped isotherm with two steps below of p/p 0 ¼ 0.4. The mechanism of pore lling, derived experimentally from neutron powder diffraction on the D 2 O-loaded samples, suggests two strong adsorption sites within the framework, the rst located near the Zr-cluster and showing a strong O-D/O interaction with the m 3 -O(H) groups of the cluster, while the second is located within the triangular pore window of the octahedral pore. The sequence of pore lling correlates well with the pore sizes, showing alternate lling of the octahedral and cuboctahedral pores centred at 4a and 4b Wyckoff positions. The longterm stability of water-loaded DUT-67(Zr) was conrmed. It shows 91% of its initial adsorption capacity in the nitrogen physisorption experiment. Aer two years storage at ambient conditions, stability of DUT-67(Zr) under the harsh conditions, such as liquid water and mineral acid was also proved. Multiple adsorption/desorption cycling experiments using optical calorimetry conrmed the stable performance of DUT-67(Zr) under working conditions of adsorption heat exchangers.
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